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ABSTRACT A two-dimensional (2D) crystal of streptavidin has been obtained by a nonspecific binding method. The protein
molecules were bound and formed a dense packing on the film of poly(1 -benzyl-L-histidine) spread at the surface of protein
solution. The surface film was moderately heated to stimulate crystallization of bound streptavidin. A potential of this method
for obtaining 2D crystals of soluble proteins is demonstrated. The present 2D crystal structure of streptavidin resembles that
previously obtained by specific binding to biotinylated lipid. We show in addition that the 2D array of protein with usual size -50
A can be imaged using a high resolution scanning electron microscope (HR-SEM) and subject to structural analysis at low
resolution. Various limitations in HR-SEM degrade considerably the image quality. However, the usability of a bulk plate as
specimen support would make HR-SEM a convenient tool, when such a substrate must be considered in application of protein
arrays, and if an intrinsic low resolution is acceptable.
INTRODUCTION
The general techniques to form two-dimensional (2D) crys-
tals of protein are of great interest in such fields as structural
biology and nanotechnology. In a nanotechnological world,
a 2D crystal of protein would be one of the basic structures
toward protein-based devices. Beyond 2D crystals, more
complex structures of protein assembly, e.g., layered struc-
ture or mosaic of multiple protein species, would be required
for future device applications. Although little is known about
the mechanism of 2D crystallization of soluble proteins at
interfaces, examples are being accumulated from which we
may be able to infer physical and chemical principles for the
crystallization. Among these (for a review see Kornberg and
Darst (1991)) are a specific binding between protein and
ligand molecule incorporated into a lipid monolayer (Uzgiris
and Kornberg, 1983; Ludwig, 1986) and a nonspecific bind-
ing to a charged lipid layer (Darst et al., 1991b). A direct
spreading of a concentrated protein solution on a clean mer-
cury surface has also obtained successful results (Yoshimura
et al., 1990). The 2D crystal of streptavidin (Green, 1975) has
been obtained by specific binding to alkylated biotin mol-
ecules in a lipid monolayer (Blankenburg et al., 1989; Darst
et al., 1991a). Our method has already been applied to obtain
densely packed arrays of ferritin (Furuno et al., 1989) and
catalase (Furuno et al., 1992), where a nonspecific binding
of dissolved protein molecules to an interfacial layer of syn-
thetic polypeptide, poly(l-benzyl-L-histidine) (PBLH), is
utilized and a heating of the interfacial film stimulates crys-
tallization (Sato et al., 1993). The size of the ordered array
of ferritin was also enhanced considerably by the similar
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thermal treatment (unpublished results). This paper suggests
a generality of this method by demonstrating the third 2D
crystal prepared under the similar procedures.
Two modem techniques, scanning tunneling microscopy
(STM) (Binnig et al., 1982) and atomic force microscopy
(AFM) (Binnig et al., 1986), are currently advancing toward
high resolution imaging of biological macromolecules on a
bulk substrate (Guckenberger et al., 1989; Butt et al., 1990;
Ohnishi et al., 1992). A classical technique using a focused
electron beam as probe, scanning (secondary) electron mi-
croscopy (SEM), has also made a remarkable progress in
resolution to better than 10A (Nagatani et al., 1987). Several
proteins with relatively large molecular mass have been ob-
served on electroconductive bulk plates with the high reso-
lution SEM (HR-SEM) (Furuno et al., 1989, 1992; Nakadera
et al., 1991). Well contrasted raw images of 2D crystal of
streptavidin (-50 A, -60 kDa) on a silicon wafer are pre-
sented in this paper. In the previous paper (Furuno et al.,
1992), we have imaged the top layer of a thin three-
dimensional crystal of catalase with the HR-SEM. The pre-
sent study, therefore, suggests that the HR-SEM can be used
to image the surface of the layered film of protein with usual
molecular mass as streptavidin. Thus the HR-SEM would
become a useful and straightforward tool in the nano-
technology for biological molecules on a semiconductor
wafer.
MATERIALS AND METHODS
Streptavidin and poly(1-benzyl-L-histidine) were purchased (from Sigma
Chemical Co., St. Louis, MO). A small trough (20 X 35-mm2 area, 2-mm
depth, 1-mm sole thickness) was filled with a solution of streptavidin (con-
centration 15 ,ug/ml, 20 mM Tris, pH 7.0, 20 mM NaCI). A surface film of
PBLH was spread at the surface of the protein solution at a density of - 1/20
residue/A2 (for spreading PBLH (Furuno et al. 1989)). After 1-3 h of in-
cubation at room temperature, the trough was heated to 37°C and stood still
for 30 min. A heating unit with an aluminum block (11 X 11 X 8 cm3) was
used. The trough was placed in a well (2-cm depth) milled in the aluminum
block, on top of which was placed an aluminum plate (1-cm thick) for air
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tightening and for ensuring thermal uniformity. After the heating, the block
was cooled down below 25°C naturally or with a stream of nitrogen gas. The
interfacial film was transferred to a silicon wafer with hydrophobic surface
(-6 X 10 mm2) by placing it horizontally onto the interfacial film. The
wafer was recovered from the surface, rinsed with pure water, and stained
in phosphotungstate (2.5%, pH 4.8-5.4) for 30-60 s. It was placed in an
eppendorf tube (1.5 ml) with the wetted face down, and the excess solution
on the surface was finally spun down or blown off with a microcentrifuge
at 6000 rpm (x2000 g). During observation with a high resolution scanning
electron microscope (S900; Hitachi, Ltd.) the specimen temperature was
kept at -70°C to reduce surface contamination. Several technical aspects
in HR-SEM for observation of protein molecules on a bulk plate are dis-
cussed in more detail in our previous paper (Furuno et al., 1992).
RESULTS AND DISCUSSION
Streptavidin is the third protein crystallized in two dimen-
sions by means of the PBLH method. Fig. 1 a shows a scan-
ning electron micrograph of the negatively stained 2D crystal
of streptavidin, which extends over an area of 1 X 1 ptm2
(Fig. 1 b is a higher magnification image). Fig. 1 c shows an
area near crystal boundary where the molecules are deposited
randomly on the silicon wafer. The protein molecules are
seen dark, as previously discussed (Furuno et al., 1992),
while the stain which accumulates on the surface of the array
appears bright. We recognize each dark particle (Fig. 1 c) to
be about 50 A, although this shape is not well resolved. The
images are noisy due mainly to the nonuniformity of the stain
(see Fig. 1 b), but they exhibit relatively high contrast which
would be a merit in a routine use of the HR-SEM for char-
acterizing the surface of flat substrate deposited with protein
molecules.
The experimental conditions were not widely surveyed for
optimization of crystallization. However, several clear re-
sults were obtained. Without the thermal treatment the order
(a) -+"
FIGURE 1 Scanning electron micrographs
of negatively stained 2D crystals of strepta-
vidin on a silicon wafer. (a) (taken at 100,000 v .i
X) shows a large monodomain area; (b) was
taken at twice as high magnification 200,000
X; (c) shows a region near crystal edge (taken
at 180,000 X). Scale bar = 500 A.
of the protein assembly was poor at most areas. We could find
out a packing of small 2D crystals (-0.1 p,m) with a low
probability under a scan for wide area. On the other hand, the
thermal treatment of the interfacial film remarkably in-
creased the probability to find large areas where 2D crystals
were aggregated. The size of each crystal domain was 0.3-2
,um in diameter. The reproducibility of the crystallization
was sufficiently high to find 2D crystals in any specimen
prepared under the same condition as for Fig. 1 a (see Ma-
terials and Methods). The 2D crystal was formed in a rela-
tively wide range ofpH (6.5-7.5), ionic strength (10-30mM
NaCl), treating temperature (28-380C), and surface density
of PBLH (one-tenth to one-twentieth residue per A2). The
method and experimental conditions were similar to those for
2D crystallization of catalase, except that the optimum sub-
phase pH was in a rather narrow range for catalase (Sato
et al., 1993).
Fourier filtering was applied to the negatively stained im-
age of the 2D crystal with a personal computer system as
previously reported (Furuno et al., 1992). The structural
analysis for the image taken by HR-SEM is restricted to a
rather low resolution because of the intrinsic difficulties for
obtaining a high resolution images with the present HR-
SEM, where the resolution limit would be about 30 A for
protein arrays (Furuno et al., 1992). In the Fourier transform,
only (10), (01) and (11) diffractions (and occasionally (11))
were visible on the computer display. The (11) diffraction
corresponds to a spacing of 44 A. Higher order spots, if pres-
ent, appear around or exceed the above 30-A limit. Therefore,
some other factors, e.g., nonuniformity of the staining of the
specimen surface, lattice distortion, or intrinsically weak
structure factor, would directly lead to the disappearance of
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such spots near the limit. However, it is possible to extract
a low resolution filtered image by a back-Fourier transfor-
mation and to know the characteristics of the crystal struc-
ture. A precise evaluation for the crystallinity of the present
crystal is, of course, left for transmission electron micros-
copy.
Fig. 2 shows the noise-filtered images of an area in the 2D
crystal (Fig. 1 a). We can determine the lattice parameters
from the low resolution images. The unit cell parameters
were determined by extracting lattice vectors from a trans-
lational cross-correlation pattern between the reference and
the entire image obtained by Fourier filtering (Fig. 2), where
a weak filtering was applied to make lattice distortion appear
clearly. The translationally correlation-averaged image (inset
in Fig. 2) was obtained by superimposing images with unit
area centered at the cross-correlation peaks above a certain
threshold value. The present crystal form, with unit cell pa-
rameters of a = 60 + 2 A, b = 64 ± 3 A, and 'y = 91 ±
20 (average of 10 samples), differs apparently from that pre-
pared by specific binding to biotinylated lipid (Darst et al.,
1991a), in which two molecules are in a square lattice with
unit cell parameters a = 84 + 1 A, b = 85 + 2 A, and y =
90 ± 1° (3600 A2/molecule and with space group C222;
hereafter we call this structure simply as square lattice or
square cell). One molecule occupies 3840 A2 in our crystal
which is comparable to that in the square-lattice crystal. It is
recognized, however, that the features in the filtered images
(Fig. 2) closely resemble the projection map of the square-
lattice crystal (obtained by transmission electron micros-
copy, where the indicated molecular size is -55 X 45 A).
Fig. 2 indicates that the stain, which appears bright, accu-
mulates at relatively large spaces between the protein mol-
ecules.
Fig. 3 shows schematically the difference in the unit cell
structure between the two crystal forms. Askew of the square
lattice by 40 in y and by 2-4 A in the unit cell length leads
FIGURE 2 Fourier-filtered and correlation-averaged (inset) images of
negatively stained 2D crystal of streptavidin (Fig. 1 a). The bright region
corresponds to the accumulated stain, and the dark region corresponds to the
poenmolcue Scl_a =10A
FIGURE 3 Comparison of the crystal structure between the square lattice
(Darst et al., 1991a) and that in the present study. The cell introduced by the
two vectors a - b and a + b is drawn by broken line and compared with
the face-centered square cell drawn by real line. The hatched dumbbells
schematically represent the streptavidin molecules arranged in the square
cell.
to the unit cell dimensions in the present crystal. A close
resemblance in both lattice parameters and filtered image
suggests that the packing of the streptavidin molecules is
similar between the two 2D crystal forms. Here we must
remember that the determination of our crystallographic pa-
rameters was rather preliminary due to the poor diffraction
orders. The present crystal may be almost isomorphous to the
square-lattice crystal.
It is considered that, since PBLH is a polymer, its layer at
the air/water interface is not so fluid as that of unsaturated
phospholipid used to prepare the square-lattice crystal. Then,
a stronger asymmetry in the boundary condition at two faces
of the bound protein layer, i.e., air and water sides, will be
present, which would lead to a hindrance of the intrinsic
square-lattice formation. It is thought rather that the above
close resemblance in the crystal structure is itself a surprising
matter, because one is due to specific binding and the other
is presumably based on nonspecific binding. This suggests,
on the contrary, that the protein-protein interaction governs
the 2D crystal formation, and the spread interfacial layer
provides a sticky plane which interferes less with the in-plane
diffusion and rotation of the bound protein molecules.
Similar crystallization experiments were carried out for
inactive streptavidin, i.e., biotin-bound form. The binding of
the inactive streptavidin to the PBLH layer was quite poor,
and no arrays were found in the transferred films. Thus, a
possibility is suggested that the interaction between PBLH
and streptavidin is confined to the biotin binding region in
the streptavidin molecule. If this is the case, the close re-
semblance of our crystal structure to the square cell would
be convincing.
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